Waveguide-integrated plasmonics is a growing field with many innovative concepts and demonstrated devices in the visible and near-infrared. Here, we extend this body of work to the mid-infrared for the application of surface-enhanced infrared absorption (SEIRA), a spectroscopic method to probe molecular vibrations in small volumes and thin films. Built atop a silicon-on-insulator (SOI) waveguide platform, two key plasmonic structures useful for SEIRA are examined using computational modeling: gold nanorods and coaxial nanoapertures. We find resonance dips of 80% in near diffraction-limited areas due to arrays of our structures and up to 40% from a single resonator. Each of the structures are evaluated using the simulated SEIRA signal from poly(methyl methacrylate) and an octadecanethiol self-assembled monolayer. The platforms we present allow for a compact, on-chip SEIRA sensing system with highly efficient waveguide coupling in the mid-IR.
I. INTRODUCTION
Much work has previously been performed on integrating plasmonics [1, 2] with low-loss dielectric photonic integrated circuits (PICs) in an effort to miniaturize free-space optical components into a compact, chip-based system orders of magnitude smaller and at lower cost. Broad potential applications have already been explored, such as surface-enhanced Raman spectroscopy (SERS) [3] , hybrid lasers [4] , optical switching [5] , directional waveguide coupling [6] , plasmon-enhanced optical forces in waveguides [7, 8] , two-plasmon quantum interference [9] , nanofocusing [10, 11] , integration with two-dimensional (2D) materials [12] [13] [14] , and refractive index sensing [15] . While most of this work is in the visible and near-infrared (NIR), the mid-infrared (MIR) has yet to be greatly explored. The MIR (typically 2-10 µm in wavelengths) is an important regime for biochemical spectroscopies thanks to the vast number of chemical resonances present that can give detailed information regarding molecular structure [16] [17] [18] [19] . The vibrational spectra of molecules are often measured with Fourier-Transform Infra-Red (FTIR) spectroscopy using broadband sources and free-space optics. However, with the advent of bright coherent MIR laser sources, MIR plasmonic antennas [20] , the maturation of silicon photonics technology, and the growing interest in ultrasensitive chemical identification and diagnostics, there is tremendous potential for waveguide-integrated MIR systems.
In this letter, we theoretically examine silicon waveguide-integrated plasmonics for surface-enhanced infrared absorption (SEIRA) [21] [22] [23] [24] [25] [26] [27] [28] spectroscopy using two common plasmonic resonator building blocks: nanorods and coaxial apertures (Figure 1 ). These structures have been studied in a free-space context for SEIRA, and have shown large performance improvements * address correspondence to sang@umn.edu over standard infrared absorption techniques thanks to the field enhancement afforded by plasmonics, highly advantageous for thin films. Here, these same building blocks are arranged on a Si waveguide to perform obtain high coupling with a minimized footprint. The Si waveguide presented is designed based on a 600 nm silicon-oninsulator (SOI) wafer platform built for operation around 3 µm, a common location for resonances based on C-H bond stretching. To maintain single-mode operation, the width of the waveguide is limited to 1.6 µm, and a 200 nm thick support is used for releasing the waveguide from the oxide below. A schematic of the waveguide designed and the resonators proposed is available in Figure 1 .
II. THEORY
Metallic nanorods are a versatile building block for both waveguide-integrated plasmonics and resonant SEIRA. They are compact and can yield high field enhancements despite having such a simple geometry. While structures with few nanorods atop waveguides have already been fabricated and well-studied, we take this structure and tune it for use on MIR waveguides usarXiv:1805.01391v1 [physics.optics] 3 May 2018 ing dimensions similar to previous work in this area [22, 29] . Using these parameters combined with our waveguide design, we find that pairs of nanorods placed on the waveguide yield efficient structures with lower scattering outside of the resonant wavelength compared to arrays of single rods (Figures 2a and 6a) . To further increase the resonance dip in waveguide transmission, multiple pairs are placed in close proximity to allow coupling ( Figure  2a) . We find that this design shows similar field enhancement to the far-field array version of this device ( Figures  2b,c, and 7) , while drastically reducing the excitation area from the spot-size of a typical FTIR light source (∼100λ 2 ) to a diffraction-limited area (λ 2 /3 when measured outside the waveguide). This allows for both the miniaturization to a chip-based device while also pushing the limit of detection closer to single-particle levels. In studying the device, we found that the antenna length, intra-antenna pair distance, and inter-antenna pair distance (i.e. period) are all critical in determining the resonance and coupling efficiency of the structure (Figures 6b-c).
A complementary structure we propose for waveguideintegrated plasmonics are annular apertures with very small gaps (∼10s of nm), which are also promising for MIR SEIRA applications [30, 31] . These structures can support many different resonances [30, [32] [33] [34] [35] [36] , including a TEM mode [37, 38] that does not exhibit a cutoff, but the most convenient for excitation from a single TE-mode Si waveguide is the TE 11 -like cutoff resonance. This cutoff resonance can be explained simply as a zeroth-order Fabry-Perot resonance. As the excitation wavelength increases to the cutoff wavelength, the real part of the propagation constant, β, decreases to zero, while the imaginary component increases, turning the mode from propagative to evanescent. Examining the transmission intensity for a Fabry-Perot cavity, T = |t 1 t 2 | 2 /|1 − r 1 r 2 e i(2βd+φ1+φ2 )| 2 where t 1,2 are the transmission amplitude coefficients of the cavity ends, r 1,2 are the reflection amplitude coefficients with corresponding phases φ 1,2 , and d is the thickness, we find that if the reflection phase is negative, it can cancel with 2βd and the Fabry-Perot condition is fulfilled, leading to resonant transmission and field enhancement. Since the propagation phase in the cavity is canceled upon reflection at the ends (and 2βd < 2π), the field profile is uniform, as seen in Figure 3c . Alternatively, this zerothorder Fabry-Perot resonance can be considered as an example of epsilon-near-zero (ENZ) phenomena [39, 40] and the high transmission resulting from super-coupling. As the radius of the aperture is increased, the resonance red shifts (toward longer wavelengths) and increases the coupling efficiency (Figure 8a ). As the gap is decreased, the resonance also red-shifts (Figure 8b ), but the strength of the resonance remains approximately the same, suggesting that mode-overlap area is more critical in coupling than the open-area of the aperture.
Placing a single aperture on the waveguide with a 20 nm gap, we find coupling efficiencies of 40% around 3.5 troduce relatively small scattering losses into the signal. Failure to properly design the cladding, however, can lead to quite significant pad resonances (Figure 8d ).
III. RESULTS AND DISCUSSION
To evaluate the SEIRA performance of each of these structures, we simulated the structures with both a uniform 200 nm layer of PMMA and a 2 nm octadecanethiol (ODT) self-assembled monolayer and examined the absorption of the C-H bond bending resonances around 3.4 µm. The 200 nm layer of PMMA is intended to probe the entire electric field distribution available for sensing, while the 2 nm layer yield information regarding the confinement of the field to the surface. As can be seen in Figure 4 , both nanorods and coaxial nanoapertures yield clear absorption responses of 2% and 7%, respectively, for the 200 nm PMMA layer. With a 2 nm layer of ODT, the normalized absorption for a coaxial nanoaperture is over 0.7%, while absorption in the nanorod case is much less, at just over 0.1%. This is due to the relative resonance modes of each of the structures. For nanorods, a significant portion of the electric field distribution on resonance is contained inside the silicon, and therefore is not available for sensing (Figure 2b) , while in etched coaxial nanoapertures, nearly the entire field distribution is available (Figure 3b ). This explains some of the intuition of why coaxial nanoapertures in the 200 nm PMMA case yield higher absorption responses. When reducing the analyte thickness to only 2 nm, the metal nanorods yield greatly reduced signals due to the poor field confinement, while coaxial nanoapertures maintain higher absorption levels since the field confinement is essentially defined by the gap size, which is 20 nm in this case.
These findings suggest that coaxial nanoapertures generally exhibit higher performance, which is not surprising when taking into account the recent work of Huck, et al. [44] , which describes why aperture-based structures are often superior to antennas. Essentially, the bulk of the nanorod signal is sourced from the ends of the device, while gaps generally have a more uniform, higher electric field distribution which increases sensitivity to analyte. The gap-defined field distribution in coaxial nanoapertures can be precisely controlled below 10 nm (e.g. by using atomic layer lithography). This allows one to both tailor the field distribution to the sensing analyte and increase the sensitivity of the device per analyte particle. With the devices considered in our work, we also found greater coupling per single resonator when comparing the two resonator designs, important for pushing to low limits of detection.
Up to this point, structures with only one geometrical set of parameters have been examined. By placing multiple structures on the same waveguide with varying FIG. 4. (a) Simulated SEIRA of PMMA and ODT coated on the two waveguide-integrated plasmonic structures (b) and corresponding difference signals calculated from the reflection spectra. The solid lines in (a) correspond to full PMMA and ODT dielectric functions, while the dashed lines correspond to lossless dielectric functions. The spectra in (b) were calculated by subtracting the lossy spectra from the lossless spectra and then normalizing to the lossless spectra.
parameters, it is possible to create very broad resonances. As seen in Figure 5a , coaxial nanoapertures with varying radii can be combined into one small Au pad (3 µm long) to create a broadband resonance. Figure 5b contains the spectra simulated for five nanorod-pair triplets placed atop the same waveguide. Many other groups have been interested in creating plasmonic resonators for SEIRA that contain multiple resonances to obtain broad spectra of the analyte [45] . While many of those same structures can still be used here (depending on their polarization sensitivity), by integrating devices serially on the waveguide, the same effect can be shown. While the work here has been targeted for SEIRA near 3 µm, the platform can easily be scaled to longer (or shorter) wavelength regimes, such as 6 µm, where a wide range of organic molecules have many strong vibrational modes. 
IV. CONCLUSION
Waveguide-integrated plasmonics is a growing field with many promising aspects for use in the lab-on-a-chip and photonics communities. While visible/NIR sensing applications of both SERS and refractometric sensing have both been previously demonstrated, in this work we computationally push the devices to the MIR for the application of SEIRA. In comparing gold nanorods and coaxial nanoapertures using simulated PMMA and ODT layers, we find that ring-shaped coaxial nanoapertures, a gap-based device exhibiting super-coupling effects, yields superior performance to nanorods, but both can have ∼90% absorption in a near diffraction-limited size. Furthermore, using a single coaxial nanoaperture, we find up to 40% of absorption, pushing the bar towards ultrasensitive detections of low-number molecular analytes. While the devices are only theoretically studied here, the fabrication of these devices is achievable, which we plan to demonstrate in a future publication and evaluate realworld performance.
V. METHODS
Computational modeling was performed using COM-SOL Multiphysics in the frequency domain. To decrease simulation time, only half of the geometry was simulated taking advantage of the plane of symmetry parallel to the waveguide while scattering boundary conditions were used perpendicular to the waveguide direction (except for the boundary of symmetry). Perfectly matched layers were used at the ends of the waveguide to increase the accuracy of the simulation. Reflection and transmission measurements were measured across a simulation plane before and after the plasmonic devices. Only the optical power in the fundamental TE modes were included in these calculations. Optical constants for silicon, gold, alumina, PMMA, and ODT were obtained from previous works [46] [47] [48] [49] [50] . 
